A novel and inexpensive bucky gel electrode has been investigated for use as the electrode substrate for deposition of polypyrrole. The electroactive polymer membrane was successfully deposited and the surface morphology studied using scanning electron microscopy. Given the properties of the bucky gel electrode and its ability to conduct ions, this work establishes the first step towards a semi-solid ion-gating system to be used in further applications.
INTRODUCTION
Investigation into a novel electrode for the deposition of polypyrole was motivated by interest in developing an artificial excitable cell membrane, capable of gating ion movement across it. Indeed, polypyrrole (PPy) membranes respond in a manner similar to voltage-gated ion channels (VGICs) found in cardiac cell membranes [1] to the application of a voltage (±1 V) by opening and closing to ions in a reversible process of oxidation and reduction. As a voltage is supplied to the PPy membrane through the electrode onto which it is electrochemically polymerized, an ionically permeable electrode was sought for use in an artificial excitable cell membrane application. Since the artificial cell membrane design consists of PPy embedded within an ionic liquid polymer gel for the purpose of controlling ion fluxes within the gel, a bucky gel electrode was hypothesized as a potential alternative to metal mesh or sputtered electrodes. Indeed, The development of carbon nanotubes in 1991 by Iijima [3] has since stimulated a flurry of research and developments spanning several fields. For this work in particular, it has allowed for the creation of bucky gels (BG) which are ionically and electrically conductive polymers produced by the suspension of an ionic liquid and multi-walled carbon nanotubes (MWNTs) in a polymer network of PVDF(HFP) [4] . Fukushima et al. [2] suggested BGs could be used as an electrode as they demonstrated good electrical conductivity. Bucky gels have since been used as electrodes in actuators [5] , as double layer capacitors [6] , and sensors [7] . They are a versatile material with many desirable qualities, among which is a high ionic conductivity.
Polypyrrole (PPy, Fig. 1 ) is a thin electroactive polymer gating membrane which has been used as an ionic separator [8] , potassium selective electrode [9] , actuator [10] , and supercapacitor [11] . Of particular interest is its ability to act as a gating membrane capable of selective ion permeability, opening and closing in response to an applied voltage as it switches between oxidized and reduced states. Polypyrrole is produced through electrochemical deposition onto an electrode, typically made of a noble metal such as platinum or gold. Metal mesh electrodes and electro-sputtered metals have also been used to grow PPy membranes to maintain the polymer's access to ions in solution [12] . To date, however, no literature exists reporting a metal electrode alternative for the electrodeposition of PPy such as the bucky gel electrode.
FIGURE 1. CHEMICAL STRUCTURE OF PYRROLE, THE MONOMER WHICH FORMS POLYPYRROLE CHAIN AFTER DE-POSITION.
The scope of the work in the present paper is as follows. A bucky gel electrode was created by embedding carbon nanotubes in an ionic fluid polymer gel as described by Fukushima [4] . PPy was then electrochemically deposited onto this electrode using a 3-electrode electrochemical cell. Successful deposition of PPy onto the bucky gel electrode was then determined by observation of the chronoamperometric response recorded during deposition and by analyzing the morphology of the membrane in SEM images at 10000X magnification.
EXPERIMENTAL Materials and Chemicals
Multi-walled carbon nanotubes (MWNTs) and the ionic liquid 1-Butyl-3-methylimidazolium Tetrafluoroborate ([BMIm]BF 4 ) were used as received from Sigma-Aldrich. The polymer poly(vinylidene fluoride-hexafluoropropylene) (PVdF-HFP) (Kynar flex 2801, Arkema) was stored and used as received. Pyrrole solution from Sigma-Aldrich was distilled prior to every deposition, and deaerated for 30 minutes using nitrogen gas. Counterion for polypyrrole deposition tetrabutylammonium-tetrafluoroborate (TBA-TFB) (Fisher Scientific), acetonitrile (Sigma-Aldrich) and Methyl Pentanone (MP) (Sigma-Aldrich) were used as received.
Preparation of Bucky Gel Electrodes
Bucky gel electrodes were made by combining 1 % wt multiwalled carbon nanotubes with 33 % wt [BMIm]BF 4 , 66 % wt PVDF(HFP), in 2.5 ml MP. The mixture was heated to 80 • C for 20 minutes while stirring. The mixture was then promptly placed into a mold with embedded gold wires for electrical connectivity. The formed bucky gel electrode material was removed from the mold after drying for 48 hours.
Preparation of Polypyrrole Membranes
A solution of 0.1 M distilled pyrrole, 0.1 M TBA-TFB, and 1 % wt deionized water in acetonitrile was prepared, chilled on ice and deaerated using nitrogen gas for 30 minutes prior to deposition. Still under nitrogen atmosphere, potentiostatic deposition of PPy was then carried out in a 3-electrode single-cell electrochemical bath using a Pot/Gal 273A (Princeton Applied Research). A platinum mesh is used as the counter-electrode, a saturated calomel electrode (SCE) is used as the reference electrode, and a gold or bucky gel as described above is used as a working electrode. The potentiostatic deposition was performed at +1.2 V vs. SCE for one hour.
Gold electrodes were connected directly to the working electrode lead of the Pot/Gal 273A. Bucky gel electrodes, however, were connected using the embedded gold wires. One gold wire from the BG electrode was connected to the working electrode lead of the Pot/Gal 273A, and the other to ground (Fig. 2) .
FIGURE 2. PPY MEMBRANE DEPOSITION IN A 3-ELECTRODE ELECTROCHEMICAL CELL. GOLD WIRES CONNECT THE BUCKY GEL TO THE POT/GAL 273A AT THE WORKING ELECTRODE AND GROUND INTERFACES. A PLATINUM MESH IS USED AS COUNTER-ELECTRODE AND SATURATED CALOMEL ELECTRODE FOR REFERENCE.

SEM Imaging
As bucky gel electrodes and PPy membranes are both black in color and thus indistinguishable to the naked eye, successful deposition of the polymer was confirmed by scanning electron microscopy (SEM) to observe its characteristic features. Images were taken using a JEOL JSM-6700F cold field-emission gun microscopy system before and after the deposition of the PPy membrane on the bucky gel and gold electrodes.
RESULTS
Electrochemical Deposition of Polypyrrole
In this study, a working electrode of either gold or bucky gel was used to electrochemically polymerize PPy. Deposition on both substrates was carried out in the electrochemical cell at +1.2 V vs. SCE. The chronoamperometric responses are shown in Figure 3 . The positive rate of change of current at the onset of deposition, as seen for both the bucky gel and gold electrodes, is indicative of a successful electrochemical deposition. The larger current drawn by the bucky gel electrode is likely due to it's larger thickness compared to the gold electrode, requiring larger currents to supply the same voltage. As PPy accumulates on the electrode surface, currents grow larger due to the added material thickness. The duration of deposition therefore dictates the PPy membrane thickness on both substrates. 
Morphology of Polypyrrole
SEM images of the bucky gel and PPy grown on both electrodes were obtained (Fig. 4) . The bucky gel (Fig. 4 , Left) exhibits a smooth morphology which is easily distinguished from the cauliflower-like features of a PPy membrane (Fig. 4 , Center). After a 1 hour deposition of PPy, however, the BG morphology has changed significantly (Fig. 4, Right) and now also exhibits the features typical of a PPy membrane. A comparison of PPy deposited on BG (Fig. 4, Right) with PPy deposited on gold (Fig. 4, Center) demonstrates that both have similar morphology, confirming the presense of PPy deposited onto this new electrode. 
CONCLUSIONS
This work has demonstrated the use of bucky gel as a viable electrode for the electrochemical deposition of PPy membranes. Deposition was successfully carried out at +1.2 V vs. saturated calomel electrode (SCE) on the BG electrode as the working electrode in a 3-electrode electrochemical cell, in a solution of 1 M pyrrole, 1 M TBA-TFB counterion, and 1 wt % distilled water in acetonitrile. A chronoamperometric response during membrane growth was observed and indicated a successful PPy membrane deposition onto BG electrode as indicated by the positive rate of change of current.
Deposition of PPy onto BG was also demonstrated qualitatively through scanning electron microscopy (SEM), using images taken of the BG surface before and after PPy growth to confirm the presence of the membrane. SEM images at 10,000X magnification for the bucky gel material show a characteristically smooth morphology with features on the order of several microns. In SEM images of BG onto which PPy had been deposited, also at 10,000X magnification, the typical morphology of PPy membranes is apparent: a cauliflower-like appearance with features on the submicron scale.
The successful deposition of these materials onto BG indicates the ability to create a gel-based ion gating system for use in more complex ion separation systems in a semi-solid environment, which will eventually lead to the development of an artificial excitable cell membrane.
